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Models of the thermal evolution of the moon and the

terrestrial planets suggest that basin-forming impacts

occurred when the planets had partially molten interiors

overlain by thickening lithosphere, compa~able in thick-

ness to the basin radii. We are investigating the effects

of large impacts on planetary surfaces using a Lagrangian

computer program which treats shock wave propagation and

includes the effects of material strength, elastic-plastic

behavior and materia~ failure. In this paper we describe

the computer code and some physical details of our numerical

techniques, and report the results of several initial cal-

culations. We study the global seismic effects for cratering

energies (1024 and 1025 J) intermediate between the Coperni-

cus and Imbrium events on the moon, and compare the phenome-

nolo~ies for assumed solid and molten planetary interiors.

The principal results are as follows: 1) Far-field effects

are largely independent of cratering mechanisms (egg.~ simu-

lated impact vs buried explosion). 2) Antipodal seismic— .
effects are significantly enhanced by focusing and are of

substantial magnitude. Vertical ground motion may be on the

order of kilometers, and accelerations approach one lunar-g.

3) The most violent activity occurs at significant depth

beneath tt~-antipocle,considerably after the paSSaEC of the I

initial compressive/rarefactive shock wavct and results from



complex interactions with the free surface. 4) Seismic

effects are ~ec~dedly more pronounced fo~ a molten planet

than for a solid one. 5) Tensile failure may occur at

depths of tens of kilometers beneath the “antipode,and may

also occur over the en~ire surface, although at shallower
*

depths.“.

These results support the suggestion of Schultz and

Gault (1975 a,b) that the unusual terrains antipodal to

large planetary basins may have been catastrophically

qodified by seismicity generated by the basin-forming

impacts. We would further suggest ’that these impacts may

in fact have pervasively and repeatedly brecciated the

entire lithosphere of the terrestrial planets as these

Iithospheres formed and thickened.



‘1. Introduction
4

,.

Crater structure, distribution of ejects and seismic

effects of large impacts are closely related problems of

great interest in lunar and planetary science. Very large

circular basins are known to exist on each of the terrestrial

planets and the moon. The events which formed these structures

are important elements in the historical evolution of the

crusts of these planets.

Work on the lunar basins has focused on their significance

as source areas for material which blankets the highlands - a

sort of sandwich of ejects units deposited in sequence from the

several large basins. There is much interest and considerable

disagreement regarding the thickness of these deposits. The

debate centers on the volume of material excavated by the im-

pacts which formed them. One particularly important aspect

of this argument concerns the depth to w~.~chthe large impacts

sample the underlying layers, hence bears directly on the

question of evaluating which of the lunar samples returned by

Apollo may have deep-seated origins, such as the dunite (72415)

and norite (78235] from the ApollG 17 site. The ~eometry of

the basins, the thickness of the basaltic mare-fill, the I

relationship of the radius of the crater of excavation to

the present topographic expression (which includes possible

large-scs.leslump) all relate directly to crater-formation

mechanics.



. The sequence and brief time span involved in the formation

of the lunar basins’i’sin part responsible for the view that

early heating of the outer parts of the moon was caused by ““

intense particle flux. This release of gravitational potential

‘qnergyis one means oi supplying heat required for extensive

melting of the outer layers, sometimes referred to as the “’

lunar magma ocean. Most currently popular models of the

thermal evolution of the moon and te~restrial planets embody

such a view. In these models, as time passes, the early

lithosphere thickens and the ir rior molten layer shrinks,

until at about 2 by. (for the small planets - Moon, Mercury,

and Mars) crystallization

early partly molten phase

impact basins were formed

is complete. It was during this

of lunar history that the large

and the mare basalts erupted. The

large basins on Mercury and Mars presumably were formed in a

similar way. These basin-forming impacts appear to have

occurred at a time when the ratio of lithospheric thickness

to crater diameter was small, perhaps less than unity. Hence,

the large impacts penetrated and fragmented the lithosphere,

much as an explosive charge would disrltptthe surface of an

ice-covered but only partially frozen lake.

Prominent among previous workers who have addressed

themselves to the process of large impact basin formation are

Shoemaker and.Hackman (1962), Stuart-Alexander and Howard [

(1970], Wilhelms and McCauley (1971), Hartmann and Wood (1971),

McGetchin et al (1.973),Pike (1974), Head (1974), Head et al—. .—

.“



(1975), and recently by computer methods, @’Keefe and Ahrens

(1975). Stated in general terms, the problerris to assess

the effects of large impacts on layered, partially molten

planets. We wish to understand the details of the crater

formation history and distribution of ejects, post-crater

deformation processes, and associated seismic disturbances.

The observations and prior results which most directly

motivated us are described in papers by Gault and Wedekind .

(1969), Schultz (1972, 1974), and Schultz and Gault [1975a, i

1975b). Gault and Wedekind fired small projectiles at glass

spheres of tektite composition and observed both large

craters -nd large spallation zones antipodal to the craters.

Schultz!ascribed the origin of the hilly and grooved terrains

antipodal to the major lunar basins Imbrium and Orientale,

and to the Caloris basin on Mercury, to the effects of

focused impact-generated body and surface waves. Schultz

and Gault show that for the Orientale event a body wave

arrives at the antipode about 8 minutes after an impact;

ejects is dispersed in time between about 28 and 50 minutes;

and surface waves arrive later yet, some 80 minutes after

impact. These results certainly are dependent on both the

conditions and scale of the impact and also importantly on

the physical properties and structural configuration of the

planetary interior. We wish to extend the work of Schultz

and Gault (1975 a,b), namely to describe quantitatively and in

detail the seismic effects of the very large impacts; eventually

.



to parametrize certain aspects of impact energy, internal

structure (such as the thickness and depth of the molten

layer), and physical properties; and to examine the results

in ligh~ of potentially observable effects on geological

features. This paper presents our methods and some initial

results.

The plan of the paper is as follows. In Section 2 we
.

present the essentials of the numerical methods which we

employ. Since these techniques have not received extensive

discussion in the planetary sciences literature, we have

chosen to include a fairly detailed description of our

general computational approach. In Section 3 we discuss

specific methods used in the present work and describe the

results of selected calculations. Section 4 presents con-

clusions and some possible planetological implications.



2. A Computational Tool for Impact Studies

The TOO12Y3LagranEian finite difference computer program

(Bertholf and Benzley, 1968) calculates solutions to wave

propagation problems in two dimensions. TOODY3 empldys either

a rectangular coordinate system, with one direction being a

directio ’ of translational symmetry along which strains vanish,

or a cylindrical system, with one axis being an axis of rotational

symmetry. Figure (lb) illustrates one of the computational

meshes used in this study. Here the horizontal axis is the

symmetry axis, and the planet thus represented is spherical.

The term Lagra~ian applies to a computational mesh which

111.eveswith the material, so that no mass is transferred between

zones of the mesh. The price one pays for this lack of diffusion s

is an eventually severe distortion of the mesh, which if left

uncorrected would destroy the accuracy of the finite difference

method. TOOI)Y3is therefore used in combination with an auto-

matic rezoning program called TOOREZ (Thorne and Holdridge,

1974) which intermittently realigns the distorted mesh into

a near-orthogonal configuration. Some diffusion is of course

introduced when the rezoner is used, but on the whole, this

intermittently rezoned Lagrangian procedure appears to be

less diffusive than Eulerian or continuously rezoned Lagrangian

methods.

TOODY3 approximates a description of the state of a large

system by specifying the values of the thermodynamic and .

structural variables at a finite number of points of the



system (the computational mesh). Given the state of the
.

system at a time t, the program predicts the state at the

subsequent time t + 6t. This cycle is repeated as often as

needed to.calculate the evolution of tho system in time. .

Figur- (2) depicts the logical path followed in advancing

the calculation by one time step. Given the initial stress

field, the acceleration ~of the material in each zone is

computed from equations which are equivalent to the con-

servation of momentum. In cylindrical coordinates, with
.

rotational symmetry about the z-axis, these equations are

-p(ax-gx) = 6Txx/15x+ 6Txz/6z + (Txx-Tzz)/x, (la)

-p(az-gz) = 6Txz/6x + 6Tzz/dz + Txz/x. (lb)

Here x and z are the (cyl~ndrically) radial and axial coordi-
A

nates, respectively; p is the material density; g is the

acceleration due to gravity; and Txx, Tzz, and Txz are

respectively the radial, axial, and shear stresses. For

the sake of clarity we have omitted viscous terms which also

enter equations (l).

Once the accelerations are known, velocities Ux, Uz and

displacements ISX,6Z are calculated from the obvious kine-

matical formulae

ax = 6ux/6t , az = 6uz/6t , (la)

ux = 6x/6t uzP = 6z/6t . (2b)
. .

The local strain rates dl’ are then calculated from

dxx = &Jx/6X , dzz = 6Uz/6Z , (3a)

dX2 = dzx = l/2(hlx/6z + 6uz/6x), (3b)

d00 = ux/x , (3C)



and the resulting updated strains give rise to the new stress

field via a set of equations of state. The logical lofipof

Figure (2) is then complete, and the time-incremented stress

field known.

The present version of the TOODY3 code includes several

different models for the equations of state. We shall discuss

only the one used in the sample calculations presented in the

next section. We require of the equations of state the

following properties:

1) variable shear and bulk moduli which can be chosen

to match experimental data or theoretical models

of planetary interiors.

2) A shear strength which may be dependent on

pressure, decreases with increasing temperature,

and is zero in the molten state.

3) Realistic models of shear and tensile failure.

4) Realistic descriptions of melting and vaporization.

We first list the various parameters which enter our

constitutive equations:

P = material density

P. = density in the cold unstressed state

n = compression = l-po/p

P = pressure = mean stress

E = specific internal energy

p@) = prescure along a compressive reference curve

‘H(p) ‘ specific internal energy along the same reference
curve



‘r. = Grfineisenratio relating pressure to thermal energy

Y “= ratio of spectTic heats in “he vapor state

H = y-1 ,
‘,

Em ‘S energy of melt

Es = energy of sublimation

K. = bulk modulus in the cold unstressed state

N = Ko(ropoEJ-l

c = bulk sound speed in the cold unstressed state
o

For a solid compressed material, we adopt the Mie-
.

Grfineisenequation

P = PH(PI + roPo[E-EH(P)l” (4)

The reference pressure pH(P) is us~~allyan analytical fit to

experimental data. We are presently using a Hugoniot relation

(s)

with one free parameter s. This form comes from the obser-

vation that for many materials the shock velocity us is a

linear function of ‘he particle velocity up:

u ‘c +Su.s o P
(6)

The reference energy EH(p) is taken to be 1

-1
‘H = TP,4(2PO) “ (7)

For material with P<PO (distended or vaporized material)

we use the equation

P 1
= p H+[ro.‘1 i~ollE-Es[l-e ‘n(wl ●

(8)



Note that for IIighlyexpanded materials, equation (8) approaches

the ideal gas law

P= (Y-1) P (E-EJ . (9)

For a material at its unstressed density PO) equation (8)

reduces to

P = ropoE , (lo)

which agrees with the Mie-Gr~neisen equation in the limit

P = PO=

It is necessary to recompute the internal energy E during

each cycle. We invoke the conservation of energy to equate

the rate of change of energy to the rate at which work is

being done by various stresses against volume changes and dis-

tortion:

P 6E/5t = pv + ‘d + Qv+ Qd ● (11)

Here Pv is the rate at which work is done by the pressure

against volume changes; pd is the rate at which work is done

by deviator stresses against distortion; and Qv, Qd are the

corresponding terms for viscous pressures and stresses. Ex-

ternal sources of energy can also be included, but have not

been written in equation (11).

In order to model shear failure and plastic flow in

solid materials, we compute at each time step the second

d.eviatoricstress invariant,

l/61(u1-@2
,2

121)= ,.
+ (02-U3, + (U3-IJ1)21 9 (12)

.



in-terms of the principal stresses Ui. The von Mises criterion,.. 9

12D< y2/3 , (13)

‘then idel:tifiesthe elastic shear strength of the material
.

at each point. The strength Y may depend on density and in-

ternal energy in a variety of ways; in the present calculations

we are using a simple form which allows fcr the softening of,a

heated material, and the vanishing of the shear strength in

the molten state: *.

Y = Y. (l-E/Em)* , Ii<Em , (14a)

y=(), E>Em . (14b)

During each cycle, stress loading is treated as an elastic

process governed by the bulk modulus and Poisson’s ratio

(from which one finds the shear modulus). At the end of each

time step the von Mises criterion (13) is examined for each

point in the mesh in order to detect shear failure. If the

elastic limit Y has been exceeded, the stresses at that point

are returned to the yield surface along a path normal to that

surface.

In a similar manner, the principal stresses are examined,

and if a tension in any direction exceeds the tensile strength

of the material, the stress is reduced to zero in that di-

rection. Ther,oafterthe material is considered fractured at

that location,
.

and its tensile strength is set tg zero.

We shall forgo a discussion of the finite difference

equations, artificial visco;ity, numerical stability, and



othc:.matters primarily of concern to numerical hydro-

dynamicists. The interested reader may find an excellent

introductory treatment of these topics, together with

references to more advanced works, in Harlow and Amsden

(1971). This therefore cc~.=ludesour description of our

of our general computational methods.



3: Sample Calculations

~In this section we will describe some of the specific

techniques which we have developed td study the global effects

of impacts. We have shown in Figure (1) a typical computational

mesh representing a spherical planet. It is necessary to

establish for each zone of the mesh appropriate initial values

of the thermodynamic and structural variables corresponding to

the static equilibrium configuration of the planet, and then to

simulate the impact event in a suitable manner. To this end

we select a density profile p(r), where r is the (spherically)

radial distance from the center of the planet to a given interior

point. This density profile may be taken from a theoretical

planetary model which we wish to investigate, or it may be com-

puted as a solution to the equation of hydrostatic equilibrium

for a given equation of state. Having selected ~(r) we assign

to each zone of the mesh an appropriate pressure p(r) and in-

ternal’energy density E(r), and to each vertex a gravitational

acceleration ~(~) in such a way that these quantities are all

consistent with the equation of state and with the finite

difference form of the equation of hydrostatic equilibrium

Id M G r-2
J
4ms2 p(s) Cls. (15b)

The gravitational field”is not recomputed during the

calculation of the impact event. Thus in regions of large

material motions (i.e. near the impact pobt] an error will

be introduced, especially for tha crater ejccta. However in



the present study we are interested in the regions far from*

the impact,
.

and particularly in the antipodal point. In these

regions little bulk motion of the material occurs,,and the

gravitational field computed by(15) remains a good approxi-

mation. Furthermore, as we shall soon see, the behavior of

the.far-field shock waves is very little affected by the detail+

of the energy release and crater formation.

Th~ most important effect of the gravitational field on

seismicity,is to provide throughout the planetary interior an

ambient overburde-n(hydrostatic pressure) which is usually

greater than the”strength of the impact-generated~shockwave.

It follows that throughout most of the planet, the behavior

of the shock wave is insensitive to the tensile strength of

the material. The reason is clear: in order to approach the

tensile limit of the material, a rarefactive wave must first

overcome the

rapidly with

of the shock

its source.

compressive overburden. This overburden increases

increasing depth in the planet, but the strength

wave decreases rapidly as it travels away from

Thus the material tends to remain compressed,

even when transmitting a rarefactive wave. This convenient

masking of an ill-known material property doe; not occur

for shear strength, a parameter to which the calculation is

quite sensitive.\ We shall return shortly to this point. ‘

We now turn to the impact itself. In most of our cal- .

culations we have, for the convenience of the computer,

simulated an impact by depositing the proper amuunt of in-

ternal energy into ono mesh zone near the surfaco of the planet.



This procedure models the impact as a buried explosion, a

situation in which it is well known that cratering phenomenology

is vbry sensitive to the manner of energy deposition, specifically

to the scaled depth of burst for buried explosives. By contrast

the global seismic disturbance is quite insensitive to the mode

of energy release. To illustrate this insensitivity, we present
.

in Figure (3) a comparison between an impact and a buried ex-

plosion of approximately the same energy (=1024 J). These

figures are contour plots of the second deviatoric stress

invariant, defined ‘byequation (12), which represents essen-

tially the distortion of the material. They show the general
.

configu~’ationof the internal shearing stresses at a time when

the leading edge of the initial shock wave ha: almost reached

the antipodal point. As one would expect, the results differ

substantially near the craters, but the distant seismic effects

are almort intlistinguishable.

We pow describe two calculations designed to test the

sensitivity of the results to a physical property of the

planetary interior, namely the shear strength. In both

calculations we consider self-gravitating planets of uniform

density p, with

P“PO = 3.21 gm/c.m3.

Other relevant material properties common to both calculations

are as follows:

co “ 5.23 Kilometers/second

s“ 1.27

r. - 1.54



H = 0.2

Y. = 600 bars

KO = ~OCO’

The planetary radius is 2000 kilometers, and the energy deposited

(as a buried explosion) is approximately 1025J. We are using

Hugoniot”data given by van Thiel (1966) for Olivine.
)

The calculations differ only in the values of the melt

energy Em. Since the temperature increases with depth, we can

arbitrarily select a melt energy which will provide a molten

interior of any desired radius. For the two calculations, we

have chosen, as extreme situations, melt energies which give in

one case a c~mpletely solid planet, and in the other a planet

which, except for a thin solid surface, is completely molten.

Clearly this problem is not intended to represent in detail

a realistic model of any specific planetar?’interior. Nor do we

wish to emphasize too strongly the quantitative results of these

early calculations. Nevertheless these material properties arc

not unreasonable for the smaller terrestrial planets, especially

if they lack condensed core~ at the relevant stage in their

histories. Therefore we expect that our results are qualitatively

correct, and probably are close order-of-magnitude estimates of

the actual physical situation.
●, Figure (4) shows contour plots of the material density (a

good measure of the overall compressive or rarefactive nature of

the shock wave) at selcctecltimes for both calculations. In both

CLISeS a nearly spherical compressive wave is propagated f~om the im-

pact point, trailcclimmediately by a broad rarefaction zone. This

clircctwave arrives at the antipode about ten minutes after impact.



Following this initial signal is a complicated pattern

stresses generated by interactions of the initial wave

the free surface,~~A prominent feature of th’ispattern

second compressive front which converges quite sharply

of

with ‘

is a

at the

antipode (see especially Figure ‘[4f])about twenty minutes

-qfter impact.

Late-time seismic activity deep beneath the antipode is

particularly Interesting. Between about fifteen and thirty

mi.luresafter impact, violent and persistent oscillations in

density and stress, showing very steep spatial gradients, are

pToduced by constructive and destructive,?inte-f’erenceamong

waves singly- and multiply-reflected from the free surface.

Excluding the craterregion, the antipode is the steno of the

most vigorous surface motion, but the strongest manifestations

of these oscillations occur beneath the antipode, at depths as

great as half the planetary radius.

Although the results of the two calculations possess quali-

tative sim~larities, the seismic response of the molten planet

is greater (by factors of two to three) then that of the solid

planet. We attribute this difference to the more effective ener~-

dissipation mechanisms present in the solid. In propagating through

the solid, a wave must do work to produce shearing deformations;

if the wave is strong enough, energy is lost in producing plastic

deformations, or in breaking the material. These avenues of energy

loss are not available in the purely hydrodynamic calculation

describing the molten material. In Figure (5) we show the time

histories of the surface displacement, the surface velocity, and



the miniiwm principal stress near the antipodal point, for both

calculations. The velocity and displacement plots show particu-

larly well the greater strength of the seismic effects in the

case of the molten planet.

‘Jlie minimum principal stress is an important quantity in

that it is the first stress component to reveal tension (by

being negative), and is therefore the indicator for tensile

failure. Figures (5e) and (5f) record this stress component ,

at a depth of 33 kilometers beneath the antipode (because that

is the depth of the center of the outermost computational cell).

For the planet with a molten interior, tensile failure occurs

(twice: at 1130 and 1400 seconds) even at that depth, where tfie

ambient hydrostatic pressure is almost two kilobars. For the

completely solid planet, tensiie failure does not occur at that

depth, blJta very strong relative rarefaction, about .75 kilobar,

is present. It is therefore likely that the surface near the

antipode is fractured to a considerable depth, although not as

deeply as in the molten case. These strong rarefactions are not

confined to the antipode, but with varying strength encounter the

surface globally. Our calculations thus raise the intriguing

possibility that the seismic effects from sufficiently large

impacts may be great enough to fracture the entire surface of the

planet.



4. Conclusions

The calculations described in the foregoing section lead

us to several general conclusions. ‘We shall list these in

the order of decreasing certainty.

a. The distant seismic effects ~f impacts and near-su~face i
/.

explosions.ar.esimilar and are rather insensitive to the

detailed manner of the energy release. I

b. Antipodal seismic focusing occurs and appears to be of

morphological significance. We ~ind ground”motions on the

order of kilometers, velocities of tens of meters/second,
. .

and accelerations approaching onb lunar gravity.

c. The strongest effects are caused not by direct shock waves,

but by the complex interference patterns of waves reflected

from the free s~rface. Furthermore the most dramatic responses

dre seen at great depths within the planet.

d. The seismic response of a molten planet is greater than

that of a solid one. Thus the presence of interior molten

layers at the time of the basin-forming impacts will have a

significant influence on the transmission of seismic energy

from these impacts.

e. Tensile failure occurs to considerable depth near the anti-

pode and m~y occur (to moderate depths) globally. This raises

the possibility that the basin-forming impacts may have re-

peatedly brecciatod the entire early lithosphnres r,feach of

the terrestrial pl~nets.
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FIGURE CAPTIONS

Figure 1. The computational mesh.

a). Logical space. The grid consists of a rectangular

array “o”fc-ellslabeled (i,j). To each vertex is

assigned a position vector ~. .. To each cell are
1]

assigned appropriate thermodynamic quantities p.lj‘

Eij‘ etc.

b]. Physical space. The actual geometric shape of the

system is revealed when the vertices (i)j) are placed

at the positions ~. .. Here we see the initial con-
lJ

figuration of a spherical planet.

Figure 2. The logical.path followed in computing the time

evolution of the stress field..

Figure 3. Comparison of the shock waves from a simulated

impact (a), anda buried explosion (b). In either

case the energy (=1024J) is deposited at the right .

side of the figure, on the symmetry axis. These

are contour plots of the second deviatoric stress

invariant.

Figure 4. Contour plots of material density at three selected

times for a completely solid planet and for a planet

with a completely molten interior.

a). Solid, at 400 seconds. b). Molten, at 400 seconds.

c). Solid, at 600 seconds. d). Molten, at 600 seconds.

e). Solid, at 14u0 seconds. f). Molten, at 1400 seconds.

In both cases the energy deposited is approximately

1025J; the material properties for these calculations

are described in the text. The blank areas in the



cratering regions are not empty, but represent density

excursions beyond the scale chosen for the contour plots.

Figure 5. Time histories of surface displacement, sllrfacevelocity,

and minimum principal stress near the antipode for the

two calculations illustrated in Figure 4.

a). Displacement, solid planet. b). Displacement, molten planet.

c). Velocity, solid planet. d). Velocity, molten planet.

e)● Minimum stress, solid planet. f). Minimum stress, molten planet.
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